Introduction
Thrombopoietin (TPO) is the recently cloned primary growth and differentiation factor for megakaryocytopoiesis. Several human or murine TPO-responsive cell lines applicable as For continuous proliferation, TPO may be replaced by other cytokines, verifying that many cytokine-dependent AMLderived cell lines do not show strict dependency on any one given cytokine. Cytokine responsiveness on the other hand is not arbitrary as cell lines show distinct, individual cytokine response profiles. 1 The megakaryocytic cell line M-07e, for example -one of the best-studied TPO-responsive model systems -is also growth-inducible by interleukin-3 (IL-3) andto a lesser extent -by interferon ␥ (IFN ␥). 1 The TPO receptor (TPO-R) MPL as well as the receptors for IL-3 and IFN ␥ are members of the cytokine receptor superfamily 2, 3 transferring signals via the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway. [4] [5] [6] Stimulation with one of the three cytokines in question induces tyrosine phosphorylation of different STATs which, in turn, dimerize and may activate gene transcription. Genes discussed as targets for STAT regulation are for instance inhibitors of cyclin-dependent kinases (Cdk) that are enzymes with a direct influence on proliferation. 7, 8 Two cellular events may be the consequence of TPO stimulation: (1) proliferation or (2) arrest of cell division and endomitosis. In preliminary experiments, M-07e did not show the latter response to TPO in our hands; however, we successfully replaced TPO by the kinase inhibitor K-252a as inducer of polyploidization. An aim of the study was to find out whether both events, proliferation and polyploidization, were accompanied by activation of the JAK/STAT pathway. Thus, we analyzed the pattern of STAT phosphorylation induced by TPO, IL-3 and K-252a and the influence of the JAK inhibitor AG-490 on STAT phosphorylation and cellular proliferation. Inhibitors of Cdk may be early response genes for active STATs, themselves directly affecting the cell cycle. The retinoblastoma protein (Rb) is a substrate of Cdk, being of key importance for progression of cells from G 1 to S phase of the cell cycle. Therefore, we studied the expression of p21 and p27, two important inhibitors of Cdk, together with the phosphorylation of Rb in correlation to cytokine-induced proliferation.
Materials and methods

Cell culture
The continuous cell lines were either taken from the stock of the cell bank (DSMZ-German Collection of Microorganisms and Cell Cultures) 9 or were generously provided by the original investigators. M-07e, M-MOK and SKNO-1 cells were maintained in RPMI-1640 medium (Gibco BRL, Eggenstein, Germany) with 10% fetal bovine serum (FBS; Sigma, Deisenhofen, Germany) and 10% conditioned medium (CM) from the bladder carcinoma cell line 5637, which secretes several cytokines including granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage (GM)-CSF. 10 OCI-AML-5 1604 cells were grown in ␣ MEM medium (Gibco BRL) with 10% FBS and 10% 5637 CM. HL-60 and K-562 cells were kept in RPMI-1640 medium with 10% FBS. All cell lines were free of contamination with mycoplasmas and were harvested in the logarithmic growth phase with a viability exceeding 85% as determined by trypan blue dye exclusion.
Growth factors, antibodies and kinase inhibitors
Recombinant human TPO was purchased from Genzyme (Rü sselsheim, Germany). IL-3 was obtained from R&D Systems (Wiesbaden, Germany) and IFN ␥ from Boehringer Mannheim (Germany). Mouse anti-STAT 1, mouse anti-STAT 3 and mouse anti-STAT 5 monoclonal antibodies (mAb) together with the respective positive control cell lysates were obtained from Dianova/Transduction (Hamburg, Germany). Mouse anti-phosphotyrosine mAb 4G10 and positive control cell lysates from epidermal growth factor-stimulated A-431 cells were purchased from Biomol/Upstate Biotechnology (Hamburg, Germany); rabbit anti-STAT 5B antiserum applied in immunoprecipitation experiments was obtained from R&D Systems, mouse anti-human retinoblastoma protein mAb and mouse anti-human p21 mAb from Pharmingen (Hamburg, Germany). Rabbit anti-human MPL antiserum was a generous gift from Dr Ohashi (Kirin, Gunma, Japan) generated by immunizing rabbits with purified CHO-derived soluble human MPL. 11 The mouse anti-human MPL mAb M1 was purchased from Genzyme, mouse anti-human IFN ␥R mAb (CD119) was obtained from Camon/Serotec (Wiesbaden, Germany), mouse anti-human IL-3R ␣ chain mAb (CD123) from R&D Systems. AG-490 was purchased from Biomol. K-252a was a generous gift from Kamiya Biomedical Company (Seattle, WA, USA). H-thymidine incorporation, 2.5 × 10 4 to 5 × 10 4 cells (in 100 l) were seeded in triplicate in 96-well flat-bottom microtiter plates after washing and resuspension in growth factor-free medium. Effectors were added as 2 × concentrated solutions in a 100 l volume. For the last 4 h (in kinetic studies for 1 h) of the incubation period, 1 Ci methyl-3 H thymidine (Amersham, Braunschweig, Germany) was added to each well. Cells were harvested on glass fiber filters with a multiple automatic sample harvester, and radioactivity was determined in a liquid scintillation counter.
H-thymidine uptake and cell cycle analysis
For cell cycle analysis, cells were fixed with 70% ethanol (−20°C, 20 min on ice). After washing with phosphate-buffered saline (PBS), 1 × 10 6 cells were incubated with RNAse (15 min; 37°C; 1 ml, 100 g/ml RNAse A; Sigma). After two more washing steps, cells were resuspended in 500 l PBS. Propidium iodide (Sigma) was added to a final concentration of 20 g/ml. DNA content of the cells was determined by flow cytometry on the FACScan using the CellFIT software (Becton Dickinson, Heidelberg, Germany). For combined analysis of nucleotide incorporation and DNA content, cells were incubated with 5-bromo-2-deoxyuridine (BrdU; 10 M; Sigma) for the last 30 min of stimulation. Cells were fixed with ethanol as above, denatured for 8 min with 4 N HCl, washed with PBS and stained with anti-BrdU mAb (Medac, Hamburg, Germany).
Immunofluorescence analysis of cytokine receptor cell surface expression
IL-3R ␣, IFN ␥R and TPO-R expression were determined by flow cytometry. Non-reactive mAbs were applied as negative controls. Binding of mAbs was assessed by the indirect immunofluorescence technique using a fluorescein isothiocyanateconjugated goat anti-mouse heavy chain-specific antiserum (Dunn, Asbach, Germany). Distribution of antigens was analyzed by flow cytometry. Addition of propidium iodide (10 g/ml) allowed gating out of dead cells.
Immunoprecipitation and Western blot analysis
For analysis of STAT 1, STAT 3, STAT 5 or MPL phosphorylation, 2 × 10 7 cells/analysis were washed free of growth factor-containing medium and cultured overnight in factor-free and serum-free medium ('Macrophage Serum Free' medium; Gibco BRL) before stimulation with TPO (1 g/ml in 1 ml), IL-3 (250 ng/ml in 1 ml), IFN ␥ (500 ng/ml in 1 ml) or K-252a (500 nM in 1 ml). After stimulation for 4 min, the cells were pelleted and washed with ice-cold PBS. For STAT 1 and STAT 3 immunoprecipitation, cells were resuspended in 50 l protease inhibitor buffer (1% Triton X100, 0.5% NP40, 150 mM NaCl, 10 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM Na orthovanadate, 2 g/ml aprotinin, 5 g/ml leupeptin, 20 M antipain, 20 M pepstatin, 10 mM NaF, 0.2 mg/ml PMSF). Cells were lysed by boiling for 5 min in 250 l SDS lysis buffer (1% SDS, 10 mM Tris-HCl pH 7.4). After addition of 700 l inhibitor buffer, the lysate was centrifuged for 10 min (13 000 g). Seven hundred and forty l protein G-precleared supernatant were added to 260 l inhibitor buffer containing 3 g anti-STAT 1 or anti-STAT 3 mAb. For STAT 5, MPL and p21 immunoprecipitation, cells were lysed with 1 ml NP40 lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP40, 0.02% NaN 3 , with addition of the above inhibitors). To the precleared lysates, 3.5 g anti-STAT 5B, 5 g anti-MPL or 6 g anti-p21 Ab were added. After 1 h rotation (4°C) the immunoprecipitates were collected by adding protein G sepharose (45 min). The immunoprecipitates were washed twice with ice-cold lysis buffer, twice with 0.5 M LiCl, 100 mM Tris-HCl pH 8.0 and boiled for 10 min in 35 l SDS sample buffer containing 15% glycerol, 125 mM Tris-HCl pH 6.8, 5 mM EDTA, 2% SDS, 0.1% bromophenol blue and 1% ␤-mercaptoethanol. The samples (10 l for STAT 1, STAT 3, STAT 5 or MPL detection; 20 l for phosphotyrosine detection; 25 l for p21 detection) were subjected to SDS-gel electrophoresis on polyacrylamide gels using the Protean II chamber (BioRad, Mü nchen, Germany). For analysis of Rb phosphorylation, 4 × 10 6 cells were lysed in 100 l SDS lysis buffer. The samples (10 l/lane) were separated on an 8% gel and blotted on to nitrocellulose membranes (TransBlot Transfer Medium; BioRad) by electroblotting (Sartoblot II-S; Sartorius, Gö ttingen, Germany). The membranes were labeled overnight with the respective Ab, and specific bands were visualized with the biotin/streptavidin-horseradish peroxidase system (Amersham) in combination with the 'Renaissance Western Blot Chemoluminescence Reagent' protocol (Du Pont, NEN, Bad Homburg, Germany).
Reverse transcriptase-polymerase chain reaction (RT-PCR)
p21 and p27 probes for Northern blot analysis were obtained by RT-PCR. First-strand cDNA was synthesized using a reverse transcriptase preamplification system kit (Super Script; Gibco BRL) following the manufacturer's instructions. One microgram of total RNA as a template was incubated with 50 ng random hexamers in a final volume of 16 l H 2 O. After heating the mixture at 70°C for 10 min, 2 l 10 × synthesis buffer, 1 l of 10 mM dNTP mix, and 1 l (200 U) of Moloney murine leukemia virus reverse transcriptase were added to the reaction system. The reaction mixture was then incubated at 42°C for 50 min, at 90°C for 5 min and was then quickly chilled on ice. Four microliters of the reverse transcriptase reaction mixture containing the first-strand cDNA were diluted with PCR buffer containing 50 pmol of each upstream and downstream primer, 10 nmol of dNTP mix, and 1.25 U of Taq DNA polymerase (Qiagen, Hilden, Germany). The following oligonucleotide 5′ and 3′ primer sequences containing EcoRI and HindIII restriction sites were used for p21 and p27 cDNA synthesis:
p21, 5′-TGGCGAATTCCATGTCAGAACCGGCTGGGG-ATG-3′ and 5′-TAATAAGCTTTTAGGGCTTCCTCTTGGAGAAGA-3′; p27, 5′-CGGCGAATTCTGCGAGTGTCTAACGGGAGCC-3′ and 5′-TAATAAGCTTTGACGTCTTCTGAGGCCAGGC-3′.
Oligonucleotide primers were purchased from Gibco BRL. The PCR was performed with a DNA thermal cycler (Perkin Elmer Cetus, Heidelberg, Germany) under the following conditions: 30 s at 95°C for denaturation, 30 s at 63°C for annealing, and 2 min at 72°C for extension. The amplified PCR products were electrophoresed in 1.5% agarose gels, stained with ethidium bromide, and observed under UV light. The purified PCR products were cut with EcoRI and HindIII and cloned into pSBC-2. The inserts were used for Northern blot analysis.
RNA preparation and Northern blot analysis
For Northern blot analysis, total RNA was prepared applying the guanidine isothiocyanate-CsCl method. Equal quantities of total RNA (10 g) were separated on a 1.0% formaldehyde agarose gel. The fractionated RNA was transferred to a nylon filter (Gene Screen, DuPont) which was subsequently baked (80°C, 2 h). The gel was stained with ethidium bromide to ensure that equal amounts of RNA were analyzed and that no degradation had occurred. After prehybridization the RNA was hybridized overnight at 62°C with random-primed ␣-32 P dCTP (Amersham)-labeled probes. After stringent washing steps, the blots were exposed to X-ray films with an intensifying screen at −80°C.
Results
Effects of TPO on MPL tyrosine phosphorylation and proliferation of M-07e cells
The AML M7-derived cell line M-07e 12 is a TPO-responsive human cell line and is therefore used as a reliable bioassay for quantitating this growth factor. 13 Immunoprecipitation experiments proved the presence of MPL proteins on M-07e cells, that became tyrosine phosphorylated after stimulation with TPO ( Figure 1) . TPO also induced elevated 3 H-thymidine incorporation rates (Figure 2a , Table 1 ) leading to cell division and growth.
14 Cytokine responsiveness of M-07e cells, however, was not restricted to TPO, as proliferation was also induced by IL-3 and IFN ␥ (Table 1 ). The specificity of TPO induction was confirmed including MPL-negative cell lines in this study: increased proliferation after TPO induction was only seen in the MPL-expressing cell lines M-07e and M-MOK, but not in the equally cytokine-dependent 84 kDa MPL-negative cell lines OCI-AML-5 and SKNO-1 (Table 1, Figure 1 ).
Cytokine receptor expression on the cell surface of M07e cells
Stimulation indices (SI) of M-07e for the various cytokines were substantially different, IL-3 being the most effective with SI of 12-24 in a large set of experiments. The SI of TPO was between 6 and 10, those of IFN ␥ between 2 and 5. Cell surface expression of the cytokine receptors was analyzed as differences in receptor expression might explain the observed differences in proliferation rates. For the IL-3R ␣ chain and the IFN ␥R no substantial differences in cell surface expression -no matter whether percentage of positive cells or mean fluorescence intensity was the readout -could be observed (data not shown). TPO-R expression, confirmed for M-07e and M-MOK cells by immunoprecipitation (Figure 1 ), could not be quantitated as the only commercially available anti-MPL mAb M1 was clearly not specific for cell surface marker analysis: the TPO-unresponsive and (in the Western blot) TPO-R (84 kDa)-negative cell lines OCI-AML-5 and SKNO-1 (Table 1, Figure 1) showed even stronger signals for MPL expression in flow cytometry using the mAb M1 than the TPO-responsive cell lines M-07e and M-MOK. Thus, taking into account only the results of IL-3R ␣ and IFN ␥R analysis, we conclude that differences of cytokine receptor expression were not the cause for the observed differences in cytokine responsiveness.
TPO, IL-3 and IFN ␥ differentially induce tyrosine phosphorylation of STATs
The receptors of TPO, IL-3 and IFN ␥ belong to the cytokine receptor superfamily coupled to the JAK/STAT pathway as one of the important signaling chains. 
AG-490 and K-252a inhibit cytokine-induced STAT phosphorylation
AG-490 and K-252a are inhibitors of protein kinases; AG-490 is specific for JAK 2 transmitted events, 15 while K-252a inhibits various protein kinases such as protein kinase C, myosin light chain kinase, and calcium/calmodulin-dependent protein kinase II. [16] [17] [18] [19] Both effectors inhibited cytokine-induced growth of M-07e cells as well as cytokine-induced STAT phosphorylation (Figure 4 ; only IL-3 data shown). The AG-490 results suggest a role for the JAK/STAT pathway in the regulation of TPO-and IL-3-induced growth. The inhibiting effect of K-252a on cytokine-induced STAT phosphorylation in turn suggests that JAK 2 or another STAT 5-phosphorylating enzyme is a further target for this reagent, to be added to the enzymes listed above.
K-252a, but not TPO induces polyploidization of M07e cells
TPO is known not only as an inducer of proliferation but also of polyploidization of megakaryocytic precursor cells. In M07e, neither short-term (for 3 days; Figure 5b ) nor long-term (for 6 months 14 ) cultivation with TPO led to significant polyploidization. In contrast, K-252a effectively stimulated polykaryon formation ( Figure 5 ), thus confirming previous results using other cells. 20, 21 In contrast to the leukemia cell lines Nalm-6 (B-precursor cell line), TOM-1 (B-precursor cell line) and Mono-Mac-6 (monocytic cell line) (data not shown), M-07e and K-562 cells were responsive to K-252a showing an increase from less than 3% to 17% and 48% polynuclear cells, respectively, after stimulation with this reagent (Figure 5a, b) . The flow cytometry data were confirmed by May-Grü nwald-Giemsa preparations (data not shown). Obviously, K-252a induced polyploidization in some, albeit not in all cell lines. The megakaryocyte differentiation markers CD41, CD42 and CD61 were constitutively expressed on M-07e cells and upregulated after long-but not after short-term stimulation with TPO. 14 
Effects of TPO and IL-3 on expression of inhibitors of cyclin-dependent kinases p21 and p27
TPO-induced signaling leading to proliferation and polyploidization has been connected to the JAK/STAT pathway. 4, 7, [22] [23] [24] Apparently, the same cytokine is able to induce proliferation and arrest of cell division concomitantly with onset of endomitosis. Early response genes directly involved in the regulation of the cell cycle are the inhibitors of Cdk. Upregulation of the Cdk inhibitor p21 by active STATs for instance may be one initial step in TPO-induced megakaryocytic differentiation. 7 Therefore, we set out to look for a differential p21 and p27 Cdk inhibitor expression upon stimulation with TPO or IL-3. As synchronization of the cells was a precondition for these experiments, M-07e cells were cytokinestarved overnight and synchronization was examined. More than 90% of the cytokine-deprived cells remained in the G 0/1 phase of the cell cycle (Figure 2b) . Stimulation with TPO led to a synchronized transition of 66% of the cells into S phase 14 h after onset of stimulation, as confirmed by flow cytometric analysis of DNA content (Figure 2b ) and nucleotide incorporation (Figure 2a ; flow cytometry data of BrdU incorporation vs DNA content not shown). As no adequate antip27 mAb was available, we applied mRNA analysis for p27 detection. p27 mRNA expression in M-07e cells stimulated with TPO was downregulated by more than 50% in comparison with cytokine-starved control cells ( Figure 6 ) corresponding to the percentage of cells going from G 0/1 into S phase (Figure 2b ). This effect was identical for IL-3 and TPO and was observable already 2 h after onset of stimulation (data not shown). In contrast, expression of p21 protein was low and, if anything, slightly upregulated in response to TPO (Figure 7 ).
TPO and IL-3 induce hyperphosphorylation of Rb
p21 and p27 are directly involved in the regulation of the activity of cyclin-dependent kinases. One important substrate of cyclin-dependent kinases is Rb. Phosphorylation of Rb is a key event for the progression of cells from G 1 to S phase of the cell cycle. 25 Consequently, we set out to follow the Rb phosphorylation pattern of cytokine-starved and -stimulated cells. M-07e cells synchronized in G 0/1 showed predominantly hypophosphorylated Rb. TPO (Figure 8 ) and IL-3 (data not shown) induced hyperphosphorylation of Rb as early as 9 h after onset of stimulation. 
Discussion
p21 and p27 are inhibitors of Cdk, playing important roles in the transition of cells from the G 1 to the S phase of the cell cycle, controlling the phosphorylation of proteins including Rb. 8, [25] [26] [27] [28] [29] [30] Studies using quiescent T cells have shown that IL-2 downregulated p27 and allowed transition into S phase if the appropriate cyclins and Cdk were expressed. Cytokine and concomitant T cell receptor stimulation -regulating cyclin E and Cdk levels -are known to be responsible for onset of proliferation. 27, 28 The influence of cytokines on the expression levels of Cdk inhibitors are not restricted to T cells, as cytokine-induced or -inhibited proliferation of epithelial cells 8, 26 and fibroblasts 29 reflects regulation of p21 or p27 expression. In megakaryopoiesis, TPO-induced differentiation was reported to be accompanied by p21 upregulation transmitted via the JAK/STAT pathway. 7 M-07e is a megakaryocytic cell line widely used as a model for TPO studies. M-07e, like all other cytokine-dependent leukemia cell lines is not only responsive to one specific cytokine alone, growth being induced by other cytokines as well. Applying an extensive panel of growth factors, we have shown previously that individual cell lines show distinct and characteristic cytokine response profiles. 1 The extent of the proliferative response is apparently not regulated exclusively by receptor expression. Our studies showed that thymidine incorporation rates of M-07e cells after stimulation with IL-3 and IFN ␥ differed substantially without significant differences in the respective receptor expressions. General unresponsiveness of various cell lines for TPO, however, could be correlated with the absence of the 84 kDa TPO-R.
One aim of the present study was to determine whether cytokine-induced proliferation was accompanied by JAK/STAT activation and whether this resulted in p21 or p27 modulation. In particular, we wished to analyze whether IL-3 and TPO, both cytokines exerting strong mitogenic effects on M-07e cells, induced differential STAT phosphorylation patterns and whether this was followed by differential p21/p27 expression.
TPO induced tyrosine phosphorylation of STAT 3 and STAT 5, but not of STAT 1 whereas IL-3 and IFN ␥ exclusively phosphorylated STAT 5 or STAT 1, respectively. Thus, our results support the findings 31 that besides STAT 5, also STAT 3 may be involved in TPO signaling. DNA binding studies, on the other hand, had suggested an exclusive role for STAT 5 in this process. 32 In contrast to TPO and IL-3, IFN ␥ caused short-term proliferative effects rather than long-lasting growth; therefore, we restricted further studies to IL-3 and TPO. Both cytokines induced thymidine incorporation beginning 14 h after addition to G 0/1 phase cells. Simultaneous flow cytometer analysis of BrdU incorporation and DNA content confirmed that at this time point about two-thirds of the cells transited into S phase.
The progression from G 1 to S phase is controlled by Cdk/cyclin complexes. The activity of these complexes is regulated by specific inhibitors such as p21 and p27. One substrate of the active kinases is Rb, a key regulator of cell cycle progression. Hyperphosphorylated Rb releases transcription factors such as E2F inducing transcription of genes required for DNA synthesis. 25 Consequently, we set out to analyze p21 and p27 expression as well as the Rb phosphorylation pattern in response to cytokine stimulation and cell cycle progression. As expected, M-07e cells synchronized in G 0/1 phase not only exhibited high mRNA levels of the Cdk inhibitor p27 but also hypophosphorylated Rb. p27 mRNA was downregulated by about half within 9 h after start of stimulation with TPO. p27 downregulation, occurring before transition of the cells into S phase, was paralleled by the beginning of Rb phosphorylation. Twenty-four hours after onset of stimulation, Rb was maximally phosphorylated. These data suggest that TPO as well as IL-3 induce proliferation in M-07e cells by regulating p27 expression and Rb activation. p21 expression in M-07e cells was constitutively low and not decisively affected by TPO stimulation. Taking these latter data together, we could demonstrate that in M-07e cells, TPO and IL-3-induced transition from G 1 to S phase is preceded by STAT phosphorylation, p27 downregulation and Rb hyperphosphorylation. These findings raise two questions: (1) is cytokine-induced proliferation a JAK/STAT-mediated process in M-07e cells; and (2) is p27 modulation a JAK/STATmediated process? With regard to the first question, we applied the previously described JAK-specific kinase inhibitor AG-490. 15 AG-490 inhibited cytokine-induced STAT 5 phosphorylation and proliferation of M-07e cells in a dose-dependent fashion. These results suggest an involvement of the JAK/STAT pathway for proliferative processes. However, the
Figure 4
Influence of kinase inhibitors AG-490 and K-252a on IL-3-induced JAK/STAT activation and proliferation of M-07e cells. For immunoprecipitation experiments, cells were preincubated (1) for 18 h with AG-490 or K-252a before (2) triggering with IL-3 (4 min; 250 ng/ml). Immunoprecipitation and detection of STAT 5 and phosphotyrosine were as described in Figure 3 . For proliferation studies, IL-3 (10 ng/ml) and kinase inhibitors were added simultaneously. second question, as to whether and how STATs regulate p27 mRNA expression, remains open. STATs have been described as inducers, not as inhibitors of transcription of Cdk inhibitor genes. 7, 8 In addition, the rate of the p27 mRNA decrease, that is clearly detectable after 2 h, questions inhibition of transcription as the single regulatory mechanism. In contrast to the concept of JAK/STAT-mediated p27 regulation are also findings in D10.G4.1 T cells. It had been shown, that in these cells IL-2 induced p27 downregulation and that this effect could be prevented by rapamycin. 27 Rapamycin acted by inhibiting the IL-2-triggered activation of p70 S6 kinase. 33 Future experiments will show whether rapamycin or AG-490 inhibit the TPO-induced p27 mRNA regulation in M-07e cells, thus elucidating the signaling pathways of TPO-induced proliferation.
In our hands, TPO induced proliferation, but not endomitosis in M-07e cells. After a 6-month exposure to TPO, the expression of the constitutively present megakaryocyte differentiation markers CD41, CD42 and CD61 was increased, 14 but this was not accompanied by the appearance of polyploid cells. To mimic this event, we applied K-252a, a well-known inducer of endomitosis. 20, 21 After 3 days, 17% of the originally mononuclear M-07e cells had two or more nuclei. This effect was even stronger in HL-60 and K-562 cells with up to half of the cells containing two, three or more nuclei.
K-252a has been reported as an inhibitor of various kinases such as protein kinase C, cyclic AMP-dependent protein kinase, myosin light chain kinase, and calcium/calmodulindependent protein kinase II. [16] [17] [18] [19] We show that this is also true for STAT-phosphorylating kinases: K-252a did not evoke STAT 
Figure 7
Effect of TPO on p21 expression of M-07e cells. Timedependent effects of TPO (20 ng/ml) on the level of p21 expression of synchronized M-07e cells. p21 molecules were immunoprecipitated. Proteins were separated by 12% SDS PAGE and transferred to nitrocellulose membranes. Immunoblots were probed with anti-p21 mAb. M w estimates were based on M w markers (left).
Figure 8
Effect of TPO on phosphorylation of Rb. Time-dependent effects of TPO (20 ng/ml) on the Rb phosphorylation of synchronized M-07e cells. The time points of incubation are indicated at the top of each lane. M-07e cells continuously kept in 10% conditioned 5637 medium (CM) are included as control. Proteins were separated by 8% SDS-PAGE and transferred to nitrocellulose membranes. Immunoblots were probed with anti-Rb mAb. pRb stands for hypophosphorylated Rb, ppRb for hyperphosphorylated Rb. M w estimates were based on M w markers (left). Note that TPO induces Rb hyperphosphorylation. 5 phosphorylation, it rather inhibited the IL-3-induced tyrosine phosphorylation of STAT 5 as well as the following proliferation. These data suggest that K-252a inhibits JAK 2 5, 34 or another STAT 5 phosphorylating kinase.
To summarize, TPO led to STAT 3 and STAT 5 phosphorylation, while IL-3 caused only STAT 5 tyrosine phosphorylation. Both cytokines downregulated p27 mRNA within a few hours. Whether p27 mRNA regulation was a direct consequence of STAT activation, remains to be answered by future studies. However, inhibiting STAT phosphorylation by a JAK inhibitor also minimized cytokine-induced proliferation suggesting a role of the JAK/STAT pathway for proliferation. Rb phosphorylation inversely followed the p27 mRNA expression implying an important role for this Cdk inhibitor also in TPOand IL-3-triggered cell cycle progression. The second major effect of TPO on megakaryocytic cells, polyploidization, could not be observed in M-07e cells. Neither short-term nor long-term treatment with TPO induced polyploidization. Polykaryon formation, however, could be induced in M-07e and several other cell lines by the kinase inhibitor K-252a.
